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Summary 
Accurate maps of sewer and stormwater networks in cities are mandatory for an integrated 
management of water resources. However, in many countries this information is unavailable or 
inaccurate. A new two-fold mapping method is put forward. The first step consists in using image 
processing techniques to detect buried network surface elements such as manhole covers on very 
high resolution aerial imagery. The second step consists in connecting them automatically using a 
tree-shaped graph constrained by industry rules. The method is tested on Prades-le-Lez, Southern 
France. The shape and topology of the reconstructed network are compared to the actual ones. 
The impact of the detected objects’ density is also assessed. 
Keywords 
Wastewater and stormwater networks, High resolution aerial imagery, Spanning tree, Network 
mapping, optimisation 
Introduction 
Getting accurate and updated information on the underground wastewater and stormwater 
networks is a cumbersome task, especially in cities undergoing urban expansion (Metje et al., 
2007).  With the development of smart city technologies, a growing number of towns are getting 
equipped with electronic sensors which are able to log and transmit data continuously. Getting 
accurate and updated information on the underground wastewater and stormwater networks is a 
cumbersome task, especially in cities undergoing urban expansion. With the development of smart 
city technologies, a growing number of towns are getting equipped with electronic sensors that 
are able to measure and transmit data continuously. It thus becomes easier to monitor the 
evolution of environmental variables in quasi real time and to make adequate decisions based on 
the prevailing conditions. However, data on the location and the geometric features of the water 
networks are still incomplete or missing. This is due in particular to the fact that many countries 
only recently passed bills on the localisation accuracy and precision that contractors need to 
report back when they undertake works in the vicinity of underground utility networks. In France 




When working on a catchment where very little information about the network configuration is 
available, one solution may be to reconstruct it based on visible features such as manhole covers. 
These could be localized precisely and quickly by using new processing techniques in aerial 
imagery. Attempts have been made to find the optimal design configuration for wastewater and 
stormwater networks based on topographic and hydraulic constraints or economic costs (Walters, 
1985; Izquierdo et al., 2008; Afshar, 2007; Moeini and Afshar, 2012). However, in real world 
applications, exogenous factors such as existing network branches may render these solutions 
quite inefficient. Some authors have generated virtual urban networks (Möderl et al., 2009; 
Sitzenfrei et al., 2010). Fewer attempts have been made in the literature to reproduce the layout 
of actual networks. Attempts have been made by Allard et al., 2013 and Blumensaat et al., 2012 
but in both cases the node to link information was provided by urban databases or local operators. 
In this paper, we put forward a methodology to reconstruct a map of the wastewater or 
stormwater networks based on Very-High Resolution aerial imagery. The focus is put on the 
mapping algorithm. Readers interested in the detection of the network’s aerial elements are 
referred to Pasquet et al., 2016 and Commandré et al., 2017. 
Materials and Methods 
We assume that manhole covers are located accurately and are given as a set 𝑆 of georeferenced 
points 𝑃𝑖(𝑥𝑖 , 𝑦𝑖). We assume that these points constitute the nodes of the network to be 
reconstructed. Manhole localization may be done manually or automatically by using Very High 
Resolution aerial images as proposed in Pasquet et al., 2016 or in Commandré et al., 2017.  
The reconstruction methodology is two-fold. In a first step, we compute a Delaunay triangulation 
based on the set 𝑆. This has the property that no point 𝑃𝑖 is inside the circumcircle of any triangle. 
The edges of this triangulation give a consistent subset of all the possible connections between 
points of 𝑆, forming a planar graph. Then, we assign to each edge 𝑃𝑖𝑃𝑗 a value 𝑐(𝑃𝑖𝑃𝑗) which 
defines the “cost” to make wastewater flowing from 𝑃𝑖 to 𝑃𝑗. Of course, the edge is oriented so 
that 𝑐(𝑃𝑖𝑃𝑗) = −𝑐(𝑃𝑗𝑃𝑖). Several cost functions can be tested, two are presented in the following. 
This first step results in a valued oriented graph. 
In a second step, the Minimum Spanning Tree of this oriented graph is extracted by using the 
Kruskal algorithm (1956). The resulting network connects all the manholes without any cycles and 
with the minimal overall cost.  
Two cost functions are tested in this study. The first one (Eq.1) favours small connections, 
following the road network and the steepest slope. We assume that the pipe slope is parallel to 
the terrain slope. This is a strong hypothesis, often used in hydrological modelling (Beven, 2011). 
Eq.1 corresponds to the older networks, which, unlike current industry rules, favoured a fast 
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Where  𝑙𝑖𝑗: length of edge 𝑃𝑖𝑃𝑗 [L];  
𝑙max : maximum length of all the edges  𝑃𝑖𝑃𝑗      [L];  
Δ𝑧𝑖𝑗: elevation difference between nodes 𝑃𝑖 and 𝑃𝑗     [L];  
Δ𝑧max: maximum elevation difference between all connected nodes  [L];  




 and , are penalty parameters when the edge intersects a road or a building. 
These penalties can be easily defined if we have the corresponding information in 
the GIS of the city. 
The second cost function favours softer slopes, favouring gravity fed flow but within current 
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Where   𝑆𝑖𝑗: slope of edge 𝑃𝑖𝑃𝑗       [L.L
-1]; 
 𝑆𝑚 : mean value of the interval [2 ‰, 7 ‰]    [L.L
-1] 
  𝛿 = 0 if the slope is in the interval, otherwise 𝛿 =1 
 
The rank function is used to normalize the two first criteria within [0;1] interval. In this test case, 
because precise information is available on the location of buildings and roads, high penalty values 
are chosen, i.e. 𝛽 = 2 and 𝛾 = 5. These values may be adapted to the confidence that can be 
associated with the available information.  
 
In the following, the reconstructed network is validated against the actual map using three 
criteria:  
• Positional errors (Heipke et al., 1997);  
• network hierarchy (Shreve, 1966)  
• distance to the outlet (Allard et al.2013).  
 
The full procedure is automated. The Deep Learning code is written in python and its output is a 
text file consisting of 3 columns, object id, x coordinate and y coordinate. This file is input into the 
reconstruction code, which in turn outputs a shapefile and an attribute table for the created 
segments. A procedure to recreate the network’s full geometry i.e. pipe diameter, rim and invert 
elevation and depth is currently under development. Unlike examples found in the literature 
(Afshar, 2006 and 2007), our methodology does not involve any calibration to determine these 
values and relies only on hydraulic continuity rules and industry practices. Each hydraulic 
simulation code having its own data structure, the output format will be code specific and will 
have to be further adapted to the chosen code.  
The methodology is tested on the town of Prades-le-Lez in southern France (34°41’51’’N; 
3°51’53’’E). The validation database for the existing manhole locations is provided by Montpellier 
Métropole, the local operator. In total, there are 799 manhole covers and 23.45km of pipes in the 
study zone. All the geographical data used in this study are available through the French National 
Institute of Geography’s databases. To assess the efficiency of the reconstruction approach while 
accounting for the information loss that may stem from the automatic image processing 
techniques, a robustness test is carried out using a random selection of only half of the actual 





The actual and reconstructed networks (with all and half of the nodes) using the first cost function 
are presented in Fig.1. The best results are obtained for α ≥ 0.7. This means that distance weights 
more heavily than elevation when formulated as in Eq.1. When the entire data set is used, the 
reconstructed and actual networks have similar Shreve stream magnitudes (131 and 125 resp. at 
the outlet). Based on Heipke et al., (1997), Correctness = 0.89; Completeness = 0.84 and Quality = 
0.76 (Tab. 1). These values drop to 0.44, 0.55 and 0.32 respectively when using only half of the 





Fig. 1 Comparison between the actual and reconstructed networks using cost function 1 and =0.9, 
=2 and =5.  a) The actual network;  b) The reconstructed network using the entire dataset; c) The 
reconstructed network using half of the manhole cover locations. 
  
The main dissimilarities rise from the fact that the reconstruction algorithm considers that flow is 
gravity fed while the actual network has a mainforce in the western part of the catchment. In 
addition, all nodes must be connected in a graph while there are isolated and unconnected 




only half of the nodes. Small segments and branches tend to disappear but the main collectors 
seem to be correctly represented. This also impacts the distance to the outlet (Fig. 2a) with 
shorter distances disappearing and longer distances appearing, especially when using only half of 
the nodes. 
 
Tab. 1. Error criteria based on Heipke et al., 1997 
Cost function 
Correctness Completeness Quality 
Cost 1, all nodes 0.89 0.84 0.76 
Cost 1, half of the nodes 0.44 0.55 0.32 
Cost2, all nodes 0.90 0.93 0.84 




Fig. 2 Frequency distribution of the distance to the outlet 
 
The second cost function (Eq.2) yields better results: the completeness and quality (Heipke, 1997) 
increase to 93% and 84% respectively when using the entire data set and to 66% and 42% when 
using half of the nodes. Note that the correctness is also improved with more network branches 
created using the second cost function, namely with half of the nodes. This yields a higher 
coverage of the catchment area and a greater Shreve magnitude of 96. However, the network is 
disconnected in the eastern part of the catchment and the dissimilarities, due to the mainforce 
still persist in the western part of the catchment (Fig. 3b). The higher performance of the second 
function is also highlighted by the distances to the outlet, which are more similar to the ground 







Fig. 3 Reconstructed networks using Cost function 2 with =0.9, =2 and =5. a) Using the entire 
dataset; b) Using half of the manhole cover locations. 
 
Discussion 
We are currently testing our method using manhole covers which are automatically localized using 
VHR aerial images based on the Deep Learning procedure described in Commandré et al., 2017. 
We are confronted with a new challenge due to false positives i.e. manhole covers that do not 
exist in reality and that modify the distances between the network nodes.  
The geometric feature which is most difficult to determine at this stage is the slope of the pipes 
which is also the most sensitive parameter both to control gravity fed flow and to model it. In the 
former examples, slope has been calibrated according to discharge and velocity. This procedure is 
not indicated in our case because the main point of reconstructing the network is to use it in 
urban hydrological modelling i.e. we would like to simulate discharge values based on measured 
precipitation data and not pre-determine them.  
Slope is often one of the least documented variables in urban databases. In the case of Prades-le-
Lez for instance, only 46% of the records have slope values and most of them are incoherent. This 
complicates both the validation process and the attempts made to find a rule or a method to 
predetermine slope values. Assuming that terrain and underground slopes are parallel would be a 
suitable hypothesis as long as there are no local constraints such as bedding planes or obstacles 
such as other buried networks, which could result in different layouts. Despite our best efforts, we 
could not find any open access geotechnical reports, which could give us an indication on bedding 
planes. 
One solution would be to infer slope values based on the ground elevation and laying depths, 
knowing that in certain instances the laying depth is modified to insure adequate slope values and 




pipe’s upstream and downstream inlet depths (R2=0,99) for Prades-le-Lez. This result is promising 
and the method will be tested on other catchments. It does require accurate fine scale elevation 
data but a growing number of towns and county councils are providing this type of information 
through their open data web sites. In parallel, a sensitivity analysis of the hydraulic model will be 
carried out to assess the admissible error margin on slope based on catchment typology 
(topography, urban density and network configuration). 
 
Conclusion and perspectives 
A methodology to reconstruct a map of the wastewater and stormwater networks based on Very-
High Resolution aerial images is put forward and tested on the town of Prades-le-Lez in southern 
France. The method consists in using manhole cover locations as the nodes of the network which 
will be reconstructed. A graph is constructed using a Delaunay triangulation and its Minimum 
Spanning Tree is extracted using the Kruskal algorithm. Two cost functions are tested in this work. 
The first one favours small connections, following the road network and the steepest slope. The 
second one favours softer slopes, favouring gravity fed flow but within current industry rules used 
in France. 
The results indicate that the second function yields more realistic results in terms of Shreve 
magnitude and distance to the outlet and better scores for positional error. The reconstruction 
method is able to recreate a suitable network for the study zone. Future effort will be directed to 
i) the determination of the geometric features of the network, namely inlet elevation and pipe 
slope; ii) the inclusion of random noise on location and elevation data to account for uncertainty 
and the generation of probable network configurations; iii) the method’s validation on a greater 
number of catchments to insure its genericity. 
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